Consequently, only late-generation material is typically evaluated for fl our-based quality assays, and a fraction of the agronomically acceptable lines also possess desirable milling and baking quality. The frequency of lines with desirable milling and baking quality in yield trails could be increased if selection for quality could occur before yield testing. However, this would require simple, inexpensive wheat quality assays that could be performed within breeding programs on early-generation experimental lines.
Acceptable SWW milling and baking quality varies according to end product. Soft winter wheat is used for a variety of end products, including cakes, cookies, crackers, and breakfast cereals. Milling and baking quality characteristics are specifi ed for each end-product to ensure quality and uniformity (Faridi et al., 1994) . Over time, using general milling and baking quality characteristics, SWW breeders have developed an array of cultivars for the diverse SWW industry. Most end-products require SWW fl ours with a low water holding capacity because fl ours that retain too much water require longer baking times and produce less tender end products (Guttieri et al., 2001) . Acceptable SWW fl ours must also be low in damaged starch and pentosans because these components increase water absorption (Gaines et al., 1988; Jelaca and Hlynka, 1971; Kulp, 1968) .
Gluten strength is another important characteristic of SWW quality. Gluten, the major storage protein of wheat, is responsible for the elastic properties of kneaded wheat dough (Faridi et al., 1994) . Gluten strength required for SWW products varies according to end use. In general, weak gluten can be used for cakes and cookies, while strong gluten is required for crackers (Guttieri et al., 2001 ). To achieve suffi cient tensile strength for cracker production, end users in the eastern SWW region frequently blend strong gluten hard winter or hard spring wheat with SWW (Hazen et al., 1997) .
Considerable variation for gluten strength has been found within the SWW class. 'Pioneer 25R26' is notable among soft red winter wheats for consistent strong gluten strength over productions years. Other wheats with a similar high molecular weight glutenin subunit (HMW-GS) composition have not produced stable gluten strength. Within hard wheats, variation in HMW-GS expression levels has also been reported. The Bx7 protein is expressed at higher levels in wheat genotypes designated as the GluB1al allele. The Glu-B1al allele has been demonstrated to increase gluten strength as measured by mixograph parameters and SDS sedimentation volume in hard red spring wheat (Radovanovic and Cloutier, 2003) . Moreover, Canadian hard spring wheat lines overexpressing Bx7 protein have signifi cantly lower extensibility than lines with normal expression levels (Butow et al., 2003) . Dough strength was quantitatively related to the molar percent of the Bx7 subunit measured by reverse phase-high performance liquid chromatography (Butow et al., 2003) . Although GluB1al has been studied in hard spring wheats, no reports of its eff ect in soft wheat have been published.
Weak gluten cultivars, such as 'Pioneer 25W60', have also been identifi ed at the Soft Wheat Quality Laboratory (SWQL), Wooster, OH. This wide range of gluten strength found within SWW has led some to suggest the development of a cracker-specifi c SWW subclass (Carl Griff ey, personal communication, 2005) . The development of a strong gluten, cracker-specifi c SWW subclass would eliminate the need to import hard wheats into the eastern wheat region for cracker production. However, it also would require the identifi cation of effi cient methods for quantifying gluten strength. Guttieri et al. (2004) examined two wheat quality assays that may be suitable for early-generation head-row evaluations: the whole grain-wheat meal SDS sedimentation volume (WM-SED) and the whole grain-wheat meal (WM) sodium carbonate solvent retention capacity (WM-SRC). The WM-SED assay predicts gluten strength and is used to select bread quality in hard wheat breeding programs. It also predicts fl our lactic acid SRC, which is a predictor of soft wheat fl our gluten strength (Guttieri et al., 2004) . The WM-SRC, which measures the amount of damaged starch, predicts fl our sodium carbonate and sucrose SRCs, fl our yield, and sugar snap cookie diameter, in irrigated soft white spring wheat (Guttieri et al., 2004) . Whole grain-wheat meal quality assays require small amounts of grain and the sample mills that grind WM are inexpensive. This makes WM assays appropriate and accessible for most soft wheat breeding programs. Guttieri et al. (2004) tested experimental lines from replicated fi eld trials conducted in 2 yr in uniform irrigated environments. However, it is unclear from that study whether nonreplicated, single-environment WM quality data would be useful for early-generation selection of SWW quality.
The objectives of our study were (i) to evaluate WM assays for their ability to select lines with acceptable SWW quality and high gluten strength in early-generations and (ii) to estimate the heritability of SWW quality and gluten strength in a cross whose parents diff er widely for gluten strength.
MATERIALS AND METHODS

Population Development and Field Trials
The cross Pioneer 25R26/Pioneer 25W60 was used for this research because of the range in gluten strength between the parents. Of 786 wheat cultivars assessed for gluten strength at the SWQL, Pioneer 25R26 (glutenin genotype: Glu-A1a, GluB1al, and Glu-D1d) ranks fourth highest while Pioneer 25W60 (glutenin genotype: Glu-A1a, Glu-B1c, and Glu-D1a) ranks 767 (Andrews and Souza, 2007) . Three hundred randomly selected wheat meal were placed into disposable 50 mL centrifuge tubes and 25 mL of 5% (w/w) sodium carbonate was added using a bottle-top dispenser. The wheat meal was suspended into the sodium carbonate by shaking the tubes horizontally for 5 s. Tubes were placed horizontally onto an orbital shaker and agitated for 20 min at 100 rpm. The tubes were centrifuged at 1000 x g for 15 min. The supernatant was decanted and the tubes were allowed to drain on absorbent towels for 10 min. 
Wheat Flour Quality Assessment
In 2006, grain samples (200 g) from Lexington and Princeton were analyzed for milling and baking quality at the SWQL. All grain was tempered to 15% moisture before milling. Flour yield, fl our protein, and fl our SRC profi le were obtained using approved American Association of Cereal Chemists (AACC) methods 26-32, 46-10, and 56-11, respectively (American Association of Cereal Chemists, 2000) . Softness equivalent was evaluated according to Gaines et al. (2000) . Milling quality score was expressed as the deviation (percentage units) from the nursery standard, Pioneer 25R26, of a weighted composite score of fl our yield (50%) and softness equivalent (50%). Baking quality score was expressed as the deviation (percentage units) from Pioneer 25R26 of a weighted composite score of fl our lactic acid SRC (50%) and softness equivalent (50%). Grain from Princeton was used to measure wire-cut cookie characteristics (AACC Approved Method 10-53; American Association of Cereal Chemists, 2000) for 50 genotypes that had the highest mean grain yield.
Simulated Selection
Total Number of Acceptable Lines
Selection was simulated to determine the total number of lines with desirable agronomic and fl our quality characteristics. Lines that were less than 93 cm tall, 130 d ( Julian) for heading date, and 6 (0-9) for powdery mildew score and greater than 3643 kg ha -1 for yield, 79.8 for milling quality score, and 69.8 for baking quality score were considered acceptable.
Early-Generation WM-SRC Selection
Selection was simulated to determine the number of lines retained when the lowest 50 and 25% of the population, which had acceptable head-row phenotypes, were selected in an early generation for WM-SRC. First, lines that possessed an undesirable head-row phenotype-plant height greater than 93 cm, heading date greater than 130 d ( Julian), and powdery mildew score greater than 6 (0-9)-were discarded. Wheat meal-SRC was examined for lines with desirable head-row phenotypes. Lines that had a mean less than 91.3 and 89.7% were retained as the lowest 50 and 25% of the population, respectively.
Early-Generation WM-SED Selection
To determine the number of lines that possessed a desirable headrow phenotype and were the strongest 50 and 25% of the population for gluten strength, selection was simulated. Lines with an 
Wheat Meal SDS Sedimentation Volume
Wheat meal-SED was measured as described in Guttieri et al. (2004) with minor modifi cations. Wheat meal was produced from experimental lines grown at Lexington in 2005 and at Lexington and Princeton in 2006 by milling 20 g of wheat grain with a Cyclone sample mill (UDY, Fort Collins, CO) equipped with a 1-mm sieve. Duplicate evaluations were conducted for each sample in 2005; one evaluation per sample was conducted for the 2006 samples. Ten milliliters of deionized water were dispensed with a bottle-top dispenser into 25-mL glass graduated cylinders, which had ground glass stoppers. Wheat meal (1 g) was added to each graduated cylinder, shaken vigorously for approximately 5 s, and placed onto a test tube rocker to rest for 2 min. After the rest period, the graduated cylinders were inverted four times, allowed to rest for 2 min, and inverted four times. Sodium lauryl sulfate (10 mL, 2.5% w/v) was added to each cylinder with a bottle-top dispenser. The cylinders were inverted four times and allowed to rest 2 min. The procedure was repeated three times for a total of four cycles. Lactic acid (5 mL of 1.1% w/v) was added using a bottle-top dispenser. Four cycles of inverting the cylinders four times followed by a 2 min rest were completed. After the fi nal inversion, the cylinders were removed from the rocker and allowed to settle for 20 min before sedimentation volume was measured.
Wheat Meal Sodium Carbonate Solvent Retention Capacity
Grain samples from Lexington (2005 and 2006) and Princeton (2006) were subjected to duplicate WM-SRC evaluations as described in Guttieri et al. (2001) with minor modifi cations. Wheat meal was produced as described above. Five grams of unacceptable head-row phenotype, described above, were discarded. Wheat meal-SED was examined for each line that was retained. Lines greater than 9.8 and 12 mL were retained as the strongest 50 and 25% of the population, respectively.
Statistical Analyses
In 2005, duplicate measurements of WM-SED and WM-SRC were analyzed as a completely random design using PROC MIXED in SAS (version 8.2; SAS Institute, 1999) .
In 2006, analyses of variance were conducted as a randomized complete block design for yield, test weight, height, WM-SED, WM-SRC, fl our yield, softness equivalent, fl our protein, and fl our SRC profi le using PROC MIXED in SAS (version 8.2; SAS Institute, 1999). Environment was specifi ed as a fi xed eff ect; genotype, replication (location), and the genotype × environment interaction were specifi ed as random eff ects. Maturity and powdery mildew data from Lexington in 2006 were analyzed as a randomized complete block design with a random eff ects models using PROC MIXED in SAS (version 8.2; SAS Institute, 1999) .
Correlations of genotype means were conducted using PROC CORR in SAS (version 8.2; SAS Institute, 1999). Broad-sense and realized heritability were estimated on an entry-mean basis as described by Fehr (1991) .
RESULTS AND DISCUSSION
In 2006, signifi cant (P < 0.05) genetic variation and transgressive segregates within the experimental population were identifi ed for all agronomic traits (Table 1 ). These data indicate that selection of experimental lines with signifi cantly (P < 0.05) better performance than the parental lines is possible within this population. As expected, in both years Pioneer 25R26 had a signifi cantly higher gluten strength, as measured by WM-SED, than Pioneer 25W60 (Table 2 ). In 2005, the parental lines did not diff er for WM-SRC; however, in 2006, Pioneer 25R26 had higher WM-SRC than Pioneer 25W60, indicating that Pioneer 25W60 had better milling and baking quality than Pioneer 25R26 in 2006 (Table 2 ). Signifi cant (P < 0.05) genetic variation and transgressive segregates were identifi ed for WM-SED and WM-SRC in 2005 and 2006 (Table 2) . Because Pioneer 25R26 and Pioneer 25W60 represent extremes of gluten strength among soft winter wheat, we expected to fi nd considerable genetic variation for WM-SED in this population. In previous evaluations, Pioneer 25R26 and Pioneer 25W60 were intermediate and similar in their fl our yield and fl our SRC values (Andrews and Souza 2007) . The large range in WM-SRC (Table 2) indicates considerable genetic variation within this population despite the similarities of the parents. Lines from three additional experimental populations were also characterized for WM-SED and WM-SRC at one location in 2006 (Knott et al., 2008) , and signifi cant (P < 0.05) genetic variation was identifi ed for WM-SED and WM-SRC in two of three populations. These data suggest that wheat meal assays have general applicability in assessing milling and baking quality and gluten strength in a wide array of soft winter wheat populations.
Signifi cant genetic variation was observed for all fl ourbased quality characteristics measured at the SWQL (Table  3) . Pioneer 25W60 had signifi cantly higher fl our yield and signifi cantly lower fl our lactic acid, sucrose, and sodium carbonate SRC than Pioneer 25R26 (Table 3) . Pioneer 25W60 was expected to have a signifi cantly lower lactic acid SRC value than Pioneer 25R26 and a similar fl our yield (Andrews and Souza, 2007) . Transgressive segregants also were identifi ed for all traits (Table 3) . In contrast to our observations with the WM-SED data, transgressive segregants with fl our lactic acid SRC greater than Pioneer 25R26 were not found (Table 2 ). This apparent discrepancy may be due to intrinsic diff erences between the two assays or the normal error associated with whole grain or fl our assays. Pioneer 25R26 has an exceptionally high fl our lactic acid SRC based on historical data (Andrews and Souza, 2007) and strong alleles at each of the Glu1 loci. The overexpressed Bx7 protein of the Glu1B locus in Pioneer 25R26 causes signifi cantly higher levels of total glutenin in the grain protein fraction compared with all other alternate alleles at the Glu-1B locus (Radovanovic et al., 2002) . Therefore, it is not surprising that transgressive segregants over the level of Pioneer 25R26 are diffi cult to confi rm. Wheat meal assays from nonreplicated, single-environment head-rows in 2005 were correlated with fl our assays from replicated tests in two environments in 2006. The WM-SED measurements of 2005 were correlated to fl our protein (r = 0.29), fl our lactic acid SRC (r = 0.37) and wire-cut cookie measures (r = −0.42 to −0.45; Table  4 ). Wheat meal-SRC was correlated to milling quality score (r = −0.40), baking quality score (r = −0.51; data not shown), fl our yield (r = −0.40), fl our sucrose SRC (r = 0.37), fl our sodium carbonate SRC (r = 0.46), fl our water SRC (r = 0.47), wire-cut cookie diameter (r = −0.33), and wire-cut cookie force diam -1 (r = 0.40; Table 4 ). The success of WM tests within 1 yr to predict fl our-based tests in a second year is encouraging especially since wire-cut cookie diameter, height, and snapping force measured in 1 yr only have correlations of r = 0.30 to 0.70 with the same genotypes measured in a second year or location, depending on the range in genotypes and the environmental conditions of the two harvests (Hazen et al., 1997; Souza unpublished data, 2008) .
Although the correlation coeffi cients between baking quality and WM-based assays were moderate (r = −0.40 to −0.51), their practical importance is profound. Manufacturing quality assessed by baking cookies is extremely labor intensive. Few laboratories are equipped to conduct the tests accurately, which limits throughput for most breeding programs. Furthermore, cookie baking is not assessed until late generations because of the amount of grain required. Identifying and discarding lines with undesirable manufacturing characteristics in early generations will increase the frequency of lines with acceptable quality evaluated as candidates for regional testing and release.
For selection based in one environment to be eff ective, heritability must be high; therefore, the heritability of WM-SED and WM-SRC was estimated. The broad-sense heritability was estimated to be 0.67 for WM-SED and 0.70 for WM-SRC. To obtain a more conservative estimate of heritability, realized heritability was estimated on the basis of a 25% selection intensity and was found to be 0.41 for WM-SED and 0.67 for WM-SRC. The realized heritability estimates indicate that selection based on head-row data may be suitable for either trait, although less progress would be expected for WM-SED than WM-SRC.
In previous studies, Guttieri et al. (2001 and 2004 ) demonstrated the potential utility of WM quality assays in soft spring wheat but did not validate it with selection studies. In the present study, early generation selection was simulated to validate WM quality assays. First, lines with an acceptable agronomic head-row phenotype (height <93 cm, heading date <130 d after January 1, powdery mildew score <6) were selected. Implementing these criteria reduced the number of lines retained from 114 to 88 and mimicked selection that typically occurs in SWW head-rows (Table 5) . Next, we identifi ed 13 "elite" lines that would be advanced and considered for cultivar release based on head-row phenotype, 2006 grain yield, and milling and baking quality scores (Table 5 ). The next simulation was to determine whether selection for WM-SRC in head-rows could identify lines with acceptable milling and baking quality. The 2005 WM-SRC values for the 88 lines with acceptable head-row phenotypes were examined. Lines with mean values less than 91.3 and 89.7% were retained and represented the lowest 50 and 25% of the population, respectively. Nine of the 13 elite lines were identifi ed when the selection intensity was 50% for WM-SRC, while only 6 of the 13 lines were identifi ed at a 25% selection intensity (Table 5) .
Although neither selection intensity identifi ed all 13 elite lines, selection for low WM-SRC would have reduced the cost and eff ort required to yield test lines by eliminating lines with poor SWW quality at the head-row stage. This would allow breeders to examine either more populations or more lines within populations. The acceptable lines that were discarded in this simulation based on WM-SRC are not a great cause for concern. It is unlikely that all 13 lines would have been identifi ed within a typical breeding program because few programs assess yield as carefully in head-rows as in these experimental conditions. These data along with the high heritability of the WM-SRC test suggest that the WM-SRC assay is a valid selection tool for further culling of lines with acceptable grain yield.
The fi nal simulation was based on the application of WM-SED in head-rows to identify strong gluten lines. Wheat meal-SED was examined for lines with acceptable head-row phenotypes (the 88 lines described above), and the highest 50 and 25% for 2005 WM-SED were selected. Three of the four lines that were acceptable for head-row phenotype, grain yield, and milling and baking quality and had strong gluten were identifi ed with WM-SED at the 50% selection intensity (Table 6 ). The 25% WM-SED selection intensity identifi ed two of these lines (Table 6) . Although strong gluten lines with acceptable agronomic and milling and baking quality are rare, selection among head-rows for WM-SED is eff ective for identifying strong gluten lines. Therefore, SWW breeders will need to make a conscious eff ort to retain strong gluten genotypes within their breeding programs.
CONCLUSIONS
Signifi cant genetic variation for all agronomic and quality characteristics was found for the population used in this study. Transgressive segregants were identifi ed for all traits, although lines with fl our lactic acid SRC that exceeded Pioneer 25R26 were not identifi ed. Pioneer 25R26 is an extreme genotype and therefore it is likely that stronger gluten genotypes are extremely rare within adapted SWW. Highly signifi cant correlations were identifi ed (r = 0.37-0.47; HR phenotype then 25% WM-SRC 22 6 46 † None = no selection criteria imposed; HR phenotype = head-row phenotype, selected lines have means less than 93 cm for plant height, 130 d (Julian) for heading date, and 6 (0-9) for powdery mildew score. ‡ Acceptable lines have means less than 93 cm for plant height, 130 d (Julian) for heading date, and 6 (0-9) for powdery mildew score, and means greater than 79.8 for milling quality score, 69.8 for baking quality score, and 3643 kg ha Simulated selection based on WM-SRC identifi ed 69% of the acceptable lines when the selection intensity was 50%. When the selection intensity was 25%, 46% of the acceptable lines were identifi ed. Although the WM-SRC was unable to identify all the acceptable lines within this population, it is highly unlikely that all the acceptable lines would have been retained within a typical SWW breeding program. Simulated selection based on WM-SED identifi ed 75 and 50% of the acceptable strong gluten lines in this population when the selection intensity was 50 and 25%, respectively.
Wheat meal assays can be easily and economically incorporated into SWW breeding programs to increase the frequency of experimental lines with acceptable milling and baking characteristics that are eventually advanced to resource-intensive replicated yield testing.
